Pseudotachylites are melts produced by frictional heating during seismic slip. Understanding their origin and their influence on slip behavior is critical to understanding the physics of earthquakes. To provide insight into this topic, we conducted a case study in the proto-mylonitic to mylonitic Asbestos Mountain granitoid in the eastern Peninsular Ranges batholith (California), which records both ductile (mylonites) and brittle deformation features (pseudotachylites and ultracataclasites). U-Pb chronology and Zr thermometry of titanite porphyroblasts in the mylonites indicate that mylonitization of the plutons occurred at near solidus conditions (∼750 • C) over a 10 Ma interval from 89 to 78 Ma. Mylonitization resulted in recrystallization of quartz, plagioclase and biotite, with the biotite concentrated into biotiterich foliation planes. Subsequent brittle deformation is superimposed on the ductile fabrics. Micro-XRF elemental mapping and in situ LA-ICP-MS analyses on these brittle deformation products show that the pseudotachylites are more mafic (lower Si, but higher Fe) and K-rich than the host mylonite, while the ultracataclasites are intermediate between the host and the pseudotachylites. Inverse mass balance calculations show that both brittle deformation products are depleted in quartz but enriched in biotite, with the pseudotachylites showing the most significant enrichment in biotite, indicating preferential involvement of biotite during brittle deformation. We suggest that biotite-rich layers generated during ductile deformation may have been the preferred locus of subsequent brittle deformation, presumably because such layers represent zones of weakness. Frictional heating associated with slip along such planes results in melting, which causes a decrease in viscosity, in turn leading to further strain localization. During the short time span of an earthquake, frictional melting appears to be a disequilibrium process, in which the minerals are melted in order of their melting points, from biotite (∼800 • C) to plagioclase (∼1400 • C) and finally to quartz (∼1700 • C), rather than by equilibrium melting, which results in silicic eutectoid melts at lower temperatures (∼650 • C). Thus, with progressive slip, melt composition should evolve from mafic to felsic, eventually approaching the bulk composition of the host rock. The mafic composition of the pseudotachylites thus indicates that they formed between the melting point of biotite and plagioclase (800-1400 • C). Our chemical and modeling analyses on the pseudotachylites suggest that the chemical composition of pseudotachylites can potentially be used to constrain the thermodynamic conditions in the shear zone as well as earthquake source mechanics.
Introduction
Pseudotachylites are quenched melt produced along a fault surface by friction-induced heating associated with seismic slip. Thus, pseudotachylites may provide information on physical properties of the fault and the thermodynamics of the slip process (Sibson, 1975; Maddock, 1983; Magloughlin and Spray, 1992; Spray, 1995; Wenk et al., 2000; Di Toro et al., 2009; Spray, 2010) . Pseudo-tachylites commonly occur in shear zones, where they are often spatially associated with ductile fabrics, forming networks of veins and dikes within and cross-cutting the foliation of the host rock (Wenk et al., 2000; Di Toro et al., 2009; Pittarello et al., 2012) . This coexistence of pseudotachylites and foliated host rocks suggests that there may be a casual relation between ductile deformation and brittle deformation: because seismic slip commonly occurs along pre-existing planes of weakness, such as phyllosilicatedefined fabrics (Collettini et al., 2009; Niemeijer et al., 2010) , the question arises as to whether the locus of brittle deformation is inherited or influenced by pre-existing ductile fabrics. To Simpson (1984) , Todd et al. (1988) and Wenk et al. (2000) . Zircon U-Pb ages of the San Jacinto Mountain and Asbestos Mountain plutons are from Premo et al. (2014). answer this question, it is crucial to understand how the ductile fabrics are developed and how different mineral phases in the deformed host rock, especially those that constitute the fabrics, contribute to brittle deformation. Here we explore how the geochemistry of deformation products provides insight into localization and thermodynamics of brittle deformation. We present a combined textural, geochronologic and geochemical study of ductile and brittle deformation products in a Late Cretaceous shear zone in the northeastern Peninsular Ranges batholith in southern California (USA). In this shear zone, ductile deformation developed under middle to upper crustal conditions during cooling of a large granitoid batholith. As a consequence, the shear zone records an entire deformational sequence from weakly deformed granitoid plutonic rocks to strongly foliated mylonites with biotite-defined fabrics. Superimposed on this ductile fabric is evidence of extensive brittle deformation in the form of pseudotachylites and ultracataclasites (Simpson, 1984; Todd et al., 1988; Wenk et al., 2000; Rowe et al., 2012) . We investigated the duration and temperature of mylonitic fabric development, and tracked the geochemical signature of major minerals (plagioclase, quartz and biotite) in both ductile and brittle deformation products. We report direct geochemical evidence that biotite-rich foliation planes are the primary locus for brittle deformation, confirming the inheritance of brittle deformation from ductile fabric. To explain the composition of the pseudotachylites, we preformed simple thermal modeling to simulate thermal and stress evolution in the shear zone. We show that the presence of biotite constrains the thermodynamics of brittle deformation. We also propose that the extent to which the composition of the pseudotachylites deviates from that of their host rock is strongly linked to earthquake source properties, such as the magnitude and duration of an earthquake.
Geologic background
The Peninsular Ranges batholith (PRB) is part of the mid-to late Cretaceous Cordillera arc formed on the western margin of the North American continental crust during eastward subduction of the Farallon oceanic plate. The northeastern PRB in southern California was emplaced during successive magmatic episodes between 100 and 80 Ma Premo et al., 2014) . Top-to-southwest thrusting occurred within the batholith during the Late Cretaceous, resulting in an east-dipping shear zone extending from Palm Springs to the southern Santa Rosa Mountains. Evidence of ductile deformation, such as development of mylonitic fabrics, extends from the eastern Peninsular Ranges mylonite zone into the structurally lowest part of the Asbestos Mountain granitoid ( Fig. 1) (Simpson, 1984; Erskine and Wenk, 1985; Todd et al., 1988; Morton et al., 2014) .
The uppermost part of this shear zone, the Asbestos Mountain granitoid constitutes the hanging wall of the Asbestos Mountain fault, which is one of the low-angle, east-dipping faults kinematically associated with ductile deformation in the shear zone (Todd et al., 1988) . Above the Asbestos fault, sheets of the lower Asbestos Mountain granitoid are characterized by strong eastdipping proto-mylonitic to mylonitic foliations defined by aligned aggregates of biotite and hornblende ( Fig. 2A ). This contrasts with the weakly-deformed granitoids to the north and east (Fig. 3A) . Todd et al. (1988) suggested that the presence of the foliations in the granitoids is indicative of emplacement of plutons during deformation. The bottom part of the foliated granitoid is locally juxtaposed with mylonitic metasedimentary rocks, anatexites and orthogneisses from the Palm Canyon metamorphic complex that comprises the footwall of the Asbestos Mountain fault.
Dark veins or selvages of ultracataclasite and pseudotachylite of variable thicknesses (2 mm-10 cm) are distributed in the vicinity of the Palm Canyon Fault and are locally abundant in the lower Asbestos Mountain granitoid (Wenk et al., 2000; Rowe et al., 2012) . The ultracataclasites and pseudotachylites are either parallel to, or cross-cutting the mylonitic foliation, indicating that brittle deformation postdated the ductile mylonitization (Fig. 2C, D) . Locally, injection veins are developed from the main pseudotachylite and ultracataclasite veins (Fig. 2D) . Studies by Rowe et al. (2012) suggest that they were formed by overpressures (10 2 -10 4 kbar) that exceed the rock elastic limit, confirming a paleo-seismic origin for both pseudotachylites and injections. Wenk et al. (2000) found that the occurrence of the ultracataclasites and pseudotachylites is restricted to biotite-rich rocks, suggestive of a potential genetic link between biotite and the brittle deformation products, though they did not themselves attribute any causal relationship. 40 Ar/ 39 Ar ages of the pseudotachylites suggests that brittle deformation mostly took place between 62 and 56 Ma (Wenk et al., 2000) , although all of these ages exhibited very poor plateau characteristics so the uncertainties on such ages could be quite large. The presence of these brittle deformation features suggests that ambient temperature was below 300 • C during the episode of brittle deformation. The transition from ductile to brittle regime is possibly due to rapid post-magmatism exhumation in the eastern Peninsular Ranges area during the Late Cretaceous (Goodwin and Renne, 1991; Wenk et al., 2000) .
Petrography
Samples of undeformed granitoid, mylonitic granitoid, titanite grains, pseudotachylite and ultracataclasite were collected from the Asbestos Mountain granitoid along and below Highway 74 (Fig. 1 and Supplementary Table S1 for sample locations). Mineralogical and geochemical analyses were conducted to determine the conditions for proto-mylonitic and mylonitic texture development and the contribution of different minerals to brittle deformation.
Ductile deformation products: tonalitic mylonites
The undeformed granitoids are coarse-grained hornblendebiotite tonalites and retain primary plutonic textures as evidenced by the randomly oriented grains of quartz, plagioclase, biotite and hornblende, ranging from subhedral to euhedral in shape (Fig. 3A) . In the mylonites (Fig. 3B) , quartz has recrystallized as evidenced by significant grain size reduction. Plagioclase only shows slight reduction in grain size and, in many cases, these minerals may be better considered as porphyroclasts. Most biotites are finely recrystallized and strongly re-oriented to form mylonitic fabrics. Locally, biotite is intergrown with hornblende. Some biotite grains are bent around large plagioclase porphyroclasts.
Conditions for development of the biotite-rich fabrics can be determined from syn-tectonic metamorphic minerals. Of particular interest is the presence of abundant euhedral titanite (CaTiSiO 5 ) with various sizes (<1 mm to >4 cm in longest dimension) aligned with the fabrics in the granitoid. Small grains (<2 mm) are pervasive throughout the entire Asbestos Mountain granitoid, and likely have an igneous origin. However, large titanite crystals with numerous quartz and feldspar inclusions are only found in the mylonitic or proto-mylonitic parts of the granitoid, and they are mostly concentrated in felsic-rich lenses which are also along the foliation (Figs. 2B, 3C ). These large crystals were clearly formed through overgrowth of titanite in fluid-rich melts during the last stages of the plutons magmatic life or during mylonitization. Therefore, geochronologic and thermometric constraints from the large titanite grains may help bound the timing of mylonitization and the temperatures involved.
Brittle deformation products: ultracataclasites and pseudotachylites
Both ultracataclasites and pseudotachylites are sub-parallel or cross-cutting the mylonite foliation, showing abrupt contact with the host rock (Fig. 3D, E) . The ultracataclasites are characterized by ∼10-20% angular rock and mineral fragments supported by a finegrained (<20 μm) matrix, which we interpret to indicate an origin by mechanical comminution (Fig. 3D ). Most clasts are elongated and aligned, indicative of localized shear deformation.
The pseudotachylites, by contrast, are characterized by ∼10% rounded clasts in a dark glassy matrix with abundant plagioclase microlites, suggesting quenching of a melt and possible reaction of the melt with entrained clasts. Most clasts are crystal fragments of quartz and plagioclase, often serving as nucleation sites for the microlite growth. There is no alignment and deformation of the microlites, indicating reduction of shear deformation during quenching of the melt.
Locally, ultracataclasite veins are found along the margin of the pseudotachylites (Fig. 6B) . Wenk et al. (2000) observed fragments of cataclasites in the pseudotachylite veins, suggesting a genetic relation between the ultracataclasite and pseudotachylite.
Geochronologic and geochemical methods

In situ U-Pb dating for titanite
Twenty-six titanite crystals in six samples were analyzed for U-Pb isotopes by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) using a ThermoFinnigan Element 2 magnetic sector mass spectrometer equipped with a New Wave 213 nm laser ablation system at Rice University. The instrument was tuned to achieve sensitivity of 700,000-1,000,000 cps for 238 U in zircon standard 91500 (Wiedenbeck et al., 1995) with a 30 μm spot size, 10 Hz repetition rate and 9-11 J/cm 2 laser fluence.
Analyses for the zircon standard and titanite samples were conducted under the same instrument conditions. 204 Uncertainties for the error ellipses are at 68.3% confidence interval (1σ ). Age uncertainties are quoted as 95% confidence interval (2σ ).
tiary titanite from Fish Canyon Tuff, California (FCT) (TIMS age:
28.395 ± 0.078 Ma) (Schmitz and Bowring, 2001 ) and Proterozoic metamorphic titanite from Bear Lake Road, Ontario, Canada (BLR) (TIMS age: 1047.1± 0.4 Ma) (Aleinikoff et al., 2007) were also included in each run as monitors of accuracy. Data reduction was done with an in-house Excel-Visual Basic program. Average background intensities are first subtracted from sample intensities. Time-dependent downhole fractionation was corrected by applying a least squares linear regression through all background-corrected Pb/U and Pb/Th ratios back to the initiation of ablation signal. After background subtraction and downhole fractionation correction, isotopic ratios were corrected for instrumental mass bias by normalizing to zircon 91500, which was similarly corrected for down-hole fractionation. The above instrumental setting and data reduction scheme gives a long-term (January to June, 2014) precision of ±0.4% and ±0.6% (2σ , n = 115) for background-and Wasserburg diagrams and age determination were done using ISO-PLOT (Ludwig, 2012) . Using a common Pb composition from the Pb evolution model of Stacey and Kramers (1975) Supplementary Table S2 . Uncertainties for individual analyses are reported at the 68.3% confidence interval (1σ ) (Supplementary Table S2 , Fig. 4 ). Typical measurement uncertainty of an isochron age for the unknowns is ∼1.6% (2σ ).
When combined with uncertainties in the isotopic ratios of the zircon standard 91500 and the U decay constants (Jaffey et al., 1971) , the total uncertainty for the age of an unknown is ∼1.8% (2σ ).
In situ major and trace element analyses
Titanite and hornblendes in the host mylonites, pseudotachylite and ultracataclasite were analyzed in polished thick sections or epoxy mounts by the same LA-ICP-MS system described above. The instrument was tuned to achieve sensitivity of 250,000-350,000 cps for 15 ppm La in basalt standard BHVO2g with 55 μm or 80 μm spot sizes, 10 Hz repetition rate and 12-16 J/cm 2 laser fluence. BHVO2g, BCR2g and BIR1g (Gao et al., 2002) were used as external standards and were analyzed at the beginning and end of each analytical session. Samples were measured under the same instrumental condition with the standards. Major elements were measured in medium mass resolution mode (m/ m = 3000), while trace elements were measured in low mass resolution mode (m/ m = 300).
We applied 55 μm spot size for measurements of the titanite porphyroblasts and hornblendes, and 80 μm spot size for measurements of ultracataclasite and pseudotachylite matrices. The 80 μm spot size is larger than the microlites in the pseudotachylites and the fine grains making up the matrix in the ultracataclasites, but small enough that most clasts in the pseudotachylites can be avoided. This allows us to determine a bulk average composition of the pseudotachylite melts and the comminuted matrix of the ultracataclasites.
An in-house Excel-Visual Basic data reduction program (http:// www.cintylee.org/#/facilities/) was used to correct for background, drift, instrumental bias and convert raw data to concentrations. 44 Ca was used as internal standard to correct for instrumental drift. Data for titanite, hornblende, pseudotachylites and ultracataclasites are in Supplementary Tables S3-S5 .
Elemental mapping by micro-XRF
Elemental mapping of thick blocks of the ultracataclasites and pseudotachylites was carried out using a Horiba XGT-7200 Xray analytical microscope at Rice University. This instrument is equipped with an X-ray guide tube of either 50 μm or 400 μm diameter with an Rh target. It emits a high-energy micro X-ray beam up to 50 kV and 1 mA. Elements from Na to U can be detected by an energy-dispersive Si drift detector. Elemental mapping was done for major elements under full vacuum condition, with an acceleration voltage of 50 kV, 50 μm capillary, 200-400 s survey time per-frame, and 5 accumulations.
Development of biotite-rich mylonitic texture
The U-Pb ages of the titanite range from 89-78 Ma (Fig. 4) , which are slightly younger than the zircon U-Pb ages of the Asbestos Mountain granitoid (93-84 Ma from Premo et al., 2014) . Sizes of the 26 dated titanite range from 0.5 mm to over 1 cm, but there is no size-dependent trend in the age. Given that the closure temperature of U-Pb system is greater than 900 • C in zircon, and 650-800 • C in titanite (Lee et al., 1997; Spencer et al., 2013) , the titanite ages indicate that mylonitization initiated no later than 89 Ma, and thus shortly after the emplacement of plutons in the upper plate zone. This is consistent with the synchronous plutonic emplacement and mylonitization hypothesis proposed by Todd et al. (1988) and also indicates that the ductile textures were developed during cooling of the pluton.
We estimated temperature of mylonitization from titanite formation temperatures using the Zr-in-titanite calibration of Hayden et al. (2008) , which assumes zircon saturation and depends on pressure and activity of TiO 2 in the system. Zircon saturation in the PRB tonalites is confirmed by whole-rock Zr systematics (Lee and Bachmann, 2014) . Zr concentrations in the same titanite porphyroblasts for which we obtained age data show inter-grain variations from 310 to 600 ppm, but only minor zonation within the grains (Fig. 5) . The diffusive length scale of Zr in titanite is only a few microns over a 10 Ma period at temperatures of 600-800 • C, much smaller than the mm to cm size of our titanite grains (Cherniak, 2010b) . Therefore, the Zr temperatures reflect the conditions of titanite growth rather than post-growth diffusive reequilibration. The lack of zonation in the large grains indicates that individual grains nucleated and grew at relatively constant temperature. To estimate the pressure, we measured major elements in hornblendes in the granitoids and calculated the Al-in-hornblende pressures using the calibration of Schmidt (1992) . The hornblendes give pressures of ∼5.7 kbar (∼20 km depth), consistent with previous estimates (5-6.5 kbar) by Ague and Brimhall (1988) using an earlier calibration of the barometer (Hammarstrom and Zen, 1986) . The presence of titanites in the rock suggests a high TiO 2 activity (a TiO 2 > 0.5) (Hayden et al., 2008) , therefore we calculated the Zrin-titanite temperature assuming a range of a TiO 2 between 0.5 and 1 (detailed Zr-in-titanite temperature results for a TiO 2 = 0.5, 0.8 and 0.1 are in Supplementary Table S3) . We obtain temperature bounds between 720 and 800 • C, which are well below the liq- (Fig. 4) and Zr concentrations (or temperatures) from the same sample. Vertical error bars are the standard deeviations for multiple LA-ICP-MS measurements in the same sample. Zr-in-titanite temperature is calculated from Hayden et al. (2008) , using a pressure of 5.7 kbar and Ti activity of 0.8. Dashed line represents the wet solidus and dry liquidus of tonalite at pressure of 6 kbar (Huang and Wyllie, 1975) . (B) Zr transects for four large titanite crystals, showing only minor zonation in Zr concentration. The "normalized distance" is calculated as x/r, where x is the position of measurement, and r is the half-length of the total measured distance (∼1-2 mm smaller than the radius of the titanite) (r = 1.8, 1.8, 2.9 and 4 mm for EPRSZ3-1, EPRSZ3-2, EPRSZ3-3 and J14-SR37, respectively).
uidus temperature of a dry tonalite but above the water-saturated temperature of tonalite (Huang and Wyllie, 1975) .
In Fig. 5 , we plot Zr-in-titanite temperatures calculated at a TiO 2 = 0.8 versus U-Pb ages. It can be seen that temperature remains almost constant with at most a 30 • C decrease during the 10 My interval of mylonitization. These relatively uniform, near solidus temperatures in the titanites spanning a 10 My age interval suggest that mylonitization took place shortly after the emplacement of the upper plate zone plutons during the final stages of crystallization. Farner et al. (2014) and Lee et al. (2015) showed that most of the latent heat is released under the final stages of crystallization of wet magmas, resulting in thermal arrest at near-solidus conditions during pluton cooling. Therefore, our Zr temperatures and U-Pb ages in the titanites suggest that ductile deformation occurred when the pluton was a crystalline mush with small amounts of interstitial residual melt. Within this slow cooling pluton, regional deformation caused the biotites to recrystallize and re-orient, resulting in the development of strong biotitedefined foliations, which ultimately, transformed the plutonic rock into anisotropic mylonites.
Geochemical evidence for preferential involvement of biotite-rich fabrics in brittle deformation
Relative contributions of different mineral phases from the host rock in brittle deformation can be determined from the geochem- Fig. 6 . Micro-XRF map for thick billets of ultracataclasite (A1-4) and pseudotachylite (B1-4) veins in host granitoid. A2-4 and B2-4 are maps for single element (yellow = Fe, red = K and blue = Ca). Color bars represent XRF intensity (cps/mA). A1 and B1 are composite maps created by merging the three elemental maps from the same sample. Blue areas correspond to high abundance of plagioclase; yellow and red areas both correspond to high abundance of mafic minerals, with the red areas highlighting the existence of biotite. As a color merging effect, the orange areas correspond to high abundance of biotite, and the green areas correspond to co-existence of both mafic minerals and plagioclase. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) istry of the brittle deformation products. The micro-XRF mapping shows that ultracataclasites and pseudotachylites are both enriched in Fe compared with the host rock. However, the ultracataclasites are relatively enriched in Ca, indicating contribution of plagioclase during cataclasis, while the pseudotachylites are enriched in K (Fig. 6) , indicating contribution of biotite to the frictional melt.
Results for major element concentrations from in situ analyses are plotted in Fig. 7A and B. We compared the chemical composition of the pseudotachylites and ultracataclasites with the bulk composition of the host, and the composition of its major mineral phases (plagioclase, quartz, hornblende and biotite). In Fig. 7A and B, each data point of the pseudotachylite, ultracataclasite and hornblende represents one LA-ICP-MS analysis. Pseudotachylite and ultracataclasite data display a large spread due to compositional heterogeneity caused by unavoidable small mineral fragments in the matrix. However, the overall trend shows that the pseudotachylites, ultracataclasites and the host mylonites are compositionally different but genetically linked. In Fig. 7A , we plot (FeO + MgO + TiO 2 ) (wt%) vs SiO 2 (wt%) to distinguish between mafic (hornblende and biotite) and felsic components (feldspar and quartz): higher mafic component is characterized by low SiO 2 and high FeO + MgO + TiO 2 , whereas felsic components are characterized by high SiO 2 and low FeO + MgO + TiO 2 . We also plot (Fe + Mg)/(Al + Ti) molar ratios versus K/(Ca + K + Na) molar ratios to distinguish between different mafic minerals, e.g., hornblende and biotite. Biotite has high K but low Ca relative to hornblende, therefore samples enriched in biotites plot on the right (Fig. 7B) . The plots show that the ultracataclasites and pseudotachylites are depleted in SiO 2 relative to the host rock, with their compositions falling on a mixing array between biotite and the host rock. The pseudotachylites, however, are much more mafic and their composition approaches that of biotite. What is clear is that the brittle deformation products do not derive from homogeneous deformation of the host rock; instead, the deformation products appear to preferentially incorporate biotite, especially in the pseudotachylites.
To better quantify the contribution of different minerals to the pseudotachylite melt, we made an inverse mass balance calculation, recasting the major-element composition of the pseudotachylite into the major mineral phases in the host rock. We consider quartz, plagioclase and the mafic component as endmembers. The latter includes both hornblende (10%) and biotite (90%), which because of their similar major element compositions, make it difficult to distinguish between the two mafic minerals in the inversion (mass balance calculations with different biotite/hornblende ratios are in Supplementary Table S5 , which yield similar results). Assuming that y m is a column vector with m rows, where the value in each row is the concentration of major oxide i in the pseudotachylite (i = SiO 2 , FeO, CaO etc.), x n is a column vector with n rows, where the value in each row is the proportion of endmember j in the pseudotachylite ( j = quartz, plagioclase or mafic component), and A mn is an m × n matrix, where the values in each row are the concentration of major oxide i of the three endmembers. Mass balance requires y m = A mn x n , where x n can be calculated by transposing, squaring and then inverting the matrix: (Albarède, 1995) .
Our mass balance inversion results are plotted in Fig. 7C . For reference, we inverted the host tonalitic composition, yielding quartz, plagioclase and mafic components of 30%, 50% and 20% respectively, consistent with field and petrographic observations. In contrast, the ultracataclasites have a ∼28% contribution of mafic components and the pseudotachylites have much higher, ∼50% mafic components. Plagioclase is enriched in the ultracataclasites but depleted in the pseudotachylites. Quartz is strongly depleted in both brittle deformation products.
Given that we might have a small amount of contamination in the LA-ICP-MS analyses by plagioclase and quartz clasts smaller than the laser spot size, the calculated proportions of mafic component in the ultracataclasites and pseudotachylites are minimum bounds. Because most mafic minerals in the mylonite host, predominantly biotite, are concentrated in the biotite-defined ductile foliation planes, the composition of the ultracataclasites and pseudotachylites indicates preferential involvement of the ductile fabrics during brittle deformation.
Discussion
In Sections 5 and 6, we showed that ductile deformation took place in the lower Asbestos Mountain granitoid at near-solidus conditions during the cooling stage of the pluton, resulting in development in biotite-rich proto-mylonite and mylonite fabrics, which then became involved in subsequent brittle deformation. In this section, we discuss how these biotite-rich fabrics behave during brittle deformation, especially the frictional melting process. Based on our geochemical results and previous studies, we explore the nature of frictional melting in a local shear zone (millimeterto centimeter-scale), as well as potential linkage between the pseudotachylite chemical composition and earthquake dynamics.
Role of biotite-rich foliation planes in brittle deformation
Mass balance calculations in Section 6 showed that although biotite is enriched in both brittle deformation products, it dominates in the pseudotachylites and is only slightly enriched in the ultracataclasites. Interestingly, the ultracataclasites show moderate enrichment in plagioclase. This compositional heterogeneity implies that ultracataclasite and pseudotachylite are derived from different parts of the host rock, with the ultracataclasites mobilizing and comminuting plagioclase, and the pseudotachylites developing by preferential melting of the biotite-rich planes.
Two alternative (but not mutually exclusive) interpretations on the relation between the ultracataclasites and pseudotachylites can be made from their chemical composition. The first interpretation follows Magloughlin (1992) and Spray (1995) , wherein comminution and frictional melting are complementary processes. Specifically, ultracataclasites could be the precursors of pseudotachylites in that pseudotachylites develop from ultracataclasite in a fully-transitional manner during a continuous fault slip. Because phyllosilicate-rich fabrics are weak zones along which deformation is accommodated (Collettini et al., 2009) , the slight enrichment of biotite and moderate enrichment of plagioclase in the ultracataclasites indicate that in the original mylonites, brittle deformation initiated on the biotite-rich foliations, which mainly served as preferred slip surfaces. Slip on these foliations may be accommodated by cataclasis in the adjacent plagioclase. As slip continues, the biotite-rich planes themselves become much more strongly involved in fault slip, eventually melting and forming pseudotachylites. Alternatively, fault slip along biotite-rich foliations may start with frictional melting. Ultracataclasites could form at the termination of fault slip, possibly where biotite abundance decreases or the frictional melts escape, either of which would cause the fault to strengthen.
In both interpretations, regardless of whether ultracataclasite is the precursor of pseudotachylite or vice versa, biotite-rich foliation planes appear to play an important role in slip initiation and strain localization in both cataclasis and frictional melting processes. In particular, strong enrichment of biotite in the pseudotachylites indicates that plagioclase and quartz did not melt extensively, suggesting thermodynamic constraints from biotite in frictional melting.
Disequilibrium melting and preferential melting of biotite during frictional heating
Due to the discrepancy in chemical composition between the host rock and pseudotachylite, it has been proposed from experiments and theory that frictional melting is a process of selective melting of hydrous minerals as opposed to whole-rock equilibrium (e.g., eutectoid) melting (Maddock, 1992; Magloughlin and Spray, 1992; Lin and Shimamoto, 1998; Spray, 2010) . Our observations confirm these suggestions as eutectic melts of a tonalite or granite would be much more silicic, containing components of quartz, plagioclase and biotite (Fig. 7D ). Our observations indicate that the biotite component is significantly over-represented in the pseudotachylite melt compared to expected eutectoid melt compositions.
The thermodynamic implications of equilibrium versus disequilibrium melting are important. Equilibrium melting requires long enough time for all chemical reactions between different mineral phases to run to completion. This results in eutectic melting, in which the rock is melted at a much lower temperature than the melting point of any single mineral phase due to the freezing point depression effect of multicomponent systems, especially those containing some amount of water. In granitoids containing hydrous minerals, the minimum equilibrium melting temperature is ∼650 • C (Huang and Wyllie, 1975) . More specifically, the characteristic time required for intra-grain chemical equilibrium scales with the square of the characteristic grain size divided by diffusivity. Diffusivity of most major elements in quartz, feldspar and biotite is less than 10 −16 m 2 s −1 within the temperature range of 600-1200 • C (Cherniak, 2010a (Cherniak, , 2010c Cherniak and Dimanov, 2010) . For grain sizes of 10 −6 -10 −3 m, the characteristic time for equilibrium is days to millions of years. In contrast, earthquake slip events associated with generation of pseudotachylites are thought to occur on time scales as short as a few seconds or less. On these short timescales, inter-grain equilibrium is impossible to achieve. (Lee et al., 2007) and major minerals of quartz, plagioclase (Wenk et al., 2000) , biotite (Clinkenbeard and Walawender, 1989) and hornblende (this study). (A) (FeO + MgO + TiO 2 ) vs SiO 2 (by wt%) plot. Note that the ultracataclasites and pseudotachylites plot along the mixing trend between the host granitoids and mafic minerals. (B) (Fe + Mg)/(Al + Ti) vs K/(Ca + K + Na) (by mole fraction) plot. This plot distinguishes between biotite and hornblende. The pseudotachylites appear to be weighted toward biotite. (C) Mineral composition of the host granitoids, ultracataclasites and pseudotachylites, calculated from geochemical data in (A) and (B) using the inverse mass balance model from Section 6. (D) Schematic diagram showing the initial melt composition and melting path for equilibrium (eutectoid) melting and disequilibrium melting of the host granitoids. In equilibrium melting, the initial melt composition is produced at the eutectic melting point, which is more silicic than the host rock. In disequilibrium melting, the mafic phases are melted first, resulting in a mafic initial melt. Progressive melting of the silicic phases (plagioclase and quartz) will drive the melt composition evolving towards the host rock composition (detailed discussion see Sections 7.2 and 7.3).
As a consequence, disequilibrium melting dominates, wherein the minerals are essentially unaware of each other's presence so that melting follows the melting point of each single phase, bypassing the eutectic melting point (Fig. 7D) . Biotite melts at ∼800 • C at upper crustal pressures, which is lower than the melting points of plagioclase (∼1400 • C) and quartz (∼1700 • C) (Robie and Hemingway, 1995; Fleet et al., 2003; Lange et al., 2009 ) but higher than minimum equilibrium melting temperatures of granitoids. Therefore, biotite is the first phase to melt. Our observation of limited involvement of plagioclase and quartz during frictional melting suggests that the pseudotachylites formed no higher than 1700 • C; the main stage of melting appears to be constrained within a temperature range between 800 • C and 1400 • C.
Thermodynamics of earthquakes
To explore these concepts in a more physical context, we develop a simple model for temperature evolution in a millimeter-to centimeter-sized shear zone due to shear heating associated with pseudotachylite formation. Fialko and Khazan (2005) developed a model for temperature evolution in a sheared layer, where shearing results in viscous dissipation, and the work done by shear stress τ is converted to frictional heat. The rate of temperature change is controlled by the balance between shear heating (first term on the right in Eq. (1) below), conductive heat loss from the shear zone to the surrounding rock (second term on the right), and consumption of latent heat of fusion for different mineral phases (third term on the right):
where ∂ /∂t is the strain rate, τ ∂ /∂t is the rate of heat generation, T is the temperature (K), t is the time (s), x (m) is the across-flow coordinate with the origin in the middle of the shear zone (|x| < w, w is the half width of the sheared layer, and in our case, the half width of the pseudotachylite vein), κ is the thermal diffusivity (m 2 s −1 ), C p is the heat capacity at constant pressure
, ρ is the density of the rock or melt in the shear zone (kg m −3 ), L is the latent heat of fusion for major minerals in the rock (J kg −1 ), Φ m is the volumetric melt fraction (see Table 1 for definition and values of parameters used in this model). A basalt = 10 −6 Pa s, A rhyolite = 3.5 × 10 −7 Pa s (Shaw, 1972) B empirical parameter in viscosity equation (5); B basalt = 2.6 × 10 4 K, B rhyolite = 4.1 × 10 4 K (Shaw, 1972) C empirical parameter in viscosity equations (6), (7); C = 2.5 (Costa, 2005) C p heat capacity (J kg −1 K −1 );
C p for biotite, plagioclase and quartz are similar, we use C p = 1000 J kg (6), (7);
η 0 dynamic viscosity of particle-free melt which is only temperature dependent (Pa s); see equation (5) η effective viscosity which is both temperature and melt fraction dependent (Pa s); see equations (6), (7) ρ density melt density is ρ melt = 2.8 × 10 3 kg m −3 ; for individual mineral phases, ρ biotite = 3 × 10 3 kg m −3 , ρ quartz = 2.6 × 10 3 kg m −3 , ρ plagioclase = 2.7 × 10 3 kg m −3 τ shear stress (Pa); see equation (4) Φ m volumetric melt fraction Φ c critical volumetric melt fraction below which the material behaves like a solid and over which η/η 0 drops rapidly; see equations (6), (7) Φ c = 0.4 (Lejeune and Richet, 1995; Costa, 2005) ∂ /∂t strain rate (s −1 )
Assuming for simplicity a Newtonian rheology, the applied stress is linearly related to the strain rate according to the linear constitutive equation:
where η is the viscosity (Pa s) of melt in the shear zone.
During an earthquake, the timescales of faulting are usually on the order of seconds, rarely exceeding 2 min (Geller, 1976; Convers and Newman, 2013) . On these short timescales, frictional heating is much faster than conductive heat loss, so we can approximate frictional melting as an adiabatic process, wherein no heat is lost from the shear zone (Spray, 1992; Fialko and Khazan, 2005; Spray, 2010) . Assuming a constant slip velocity v, the strain rate is then given by ∂ /∂t = ∂ v/∂ x = v/w. This yields the following relationship after combining Eqs. (1) and (2):
Eq. (3) shows that under adiabatic heating, temperature variation depends on slip rate, width of the shear zone, rock rheology (viscosity) and evolving melt fraction. We solve Eq. (3) from the onset of melting, that is, the initial condition is T = T m for t = 0, where T m is the melting point of biotite. Because individual phases are melted, the temperature during melting of a particular phase remains constant (∂ T /∂t = 0) due to consumption of latent heat. Only after a phase is consumed by melting will temperature rise, in which case the temperature rises to the melting point of the phase with the next lowest melting point. Therefore we can partition the melting process into stages at which either melt is being generated at constant temperature, or the shear zone is being heated up with no additional melt production.
When melting an individual mineral phase, latent heat is consumed. During this stage, we assume that melt production rate ∂Φ m /∂t is approximately constant. Given that ∂ T /∂t = 0, the time for complete melting of a mineral phase i (e.g. biotite, plagioclase and quartz) can be solved from Eq. (3):
where Φ i is the volumetric proportion of mineral phase i in the melted rock.
As temperature rises and melt is generated, the rheology of the shear zone changes accordingly. The viscosity of the particle-free melt decreases with increasing temperature, which can be described by an Arrhenius-type equation:
where A and B are empirical constants dependent on melt composition. Because the composition of the pseudotachylites is initially close to that of basalt, we applied a basaltic viscosity to the melt (Shaw, 1972) . Values of A and B are listed in Table 1 . During frictional melting, the shear zone transforms from a particle supported system to a melt supported system as melt is generated. The rheology of the shear zone thus shifts from solid-like to liquid-like. A critical melt fraction term Φ c is used to describe this solid-liquid transition. Φ c is related to maximum particle packing and is ∼0.4 (Lejeune and Richet, 1995) . When melt fraction is below the critical melt fraction (Φ m < Φ c ), particle interactions dominate, resulting in solid-like behavior and high effective viscosity; when melt fraction is above the critical melt fraction (Φ m > Φ c ), particle interactions decrease significantly, resulting in liquid-like behavior and rapid drop in viscosity at higher Φ m . When Φ m > Φ c , the strong dependency of effective viscosity on melt fraction is given by Costa (2005) :
The relation between η/η 0 and Φ m is plotted in Fig. 8 . When Φ m < Φ c , the effective viscosity is insensitive to the melt fraction and is taken as a constant. Under these conditions, the effective viscosity η is related to the viscosity of particle-free melt η 0 , given by the following equation adopted from Costa (2005) 
where C is variously referred to as the Einstein's coefficient and takes the value of 2.5, α is an empirical constants which depend on strain rate, particle shapes and particle size distribution. At high strain rate (>10 −4 s −1 ), in highly concentrated suspension of rigid monosized particles, η/η 0 is around 10 4 (Caricchi et al., 2007) , corresponding to α ≈ 0.97. We note, however, that there are few experimental results for effective viscosity of partially melted rock at low melt fraction and high strain rate, so the actual value for η/η 0 at Φ m < Φ c is not well constrained. This uncertainty in η/η 0 will result in errors in the absolute stress and timescales of heating (Eqs. (2)- (4)), but will not change the basic physics.
In high velocity rotary shear experiments, frictional melt is produced at seismic slip rates of v = 0.1-10 m s −1 (Spray, 1995; Lin and Shimamoto, 1998; Di Toro et al., 2006) . In Fig. 8 , we modeled evolution of temperature, viscosity, shear stress and melt fraction for a typical pseudotachylite vein developed (w = 10 −2 m) under different slip rates (v = 0.1, 1, and 10 m s −1 ). We used the mineral composition of the mylonite as the initial composition (20% biotite, 50% plagioclase and 30% quartz). For completeness, we ran our model until the rock was 100% molten. The melting process can be divided into five stages: Stage 1. Biotite melting is initiated, resulting in generation of mafic melt. Temperature remains constant at the melting point of biotite until all the biotite is consumed. Because the melt fraction is initially lower than Φ c , viscosity is calculated using Eq. (6), which is a constant value at ∼10 7 Pa s.
Stage 2. After all the biotite is consumed, the shear zone, which now contains mafic melt and clasts of plagioclase and quartz, heats up to the melting point of plagioclase. During this rise in temperature, the melt fraction does not change. However, due to rapid Fig. 9 . Schematic diagram for the evolution of the shear zone in the lower Asbestos Mountain granitoid. The magma was initially emplaced at the ductile deformation zone and deformed at near solidus conditions (∼750 • C) over a 10 Ma interval, resulting in development of biotite-rich mylonitic fabrics. Later the pluton was uplifted to the brittle deformation zone, where brittle deformation initialized at the weak fabrics, resulting in dark pseudotachylite and ultracataclasite veins superimposing on the mylonites. temperature rise, viscosity drops significantly, resulting in large stress drop.
Stage 3. The temperature reaches the melting point of plagioclase and stays at 1400 • C until all the plagioclase is consumed. As more melt is introduced into the shear zone, the melt fraction exceeds Φ c and the effective viscosity decreases (Eq. (7)), resulting in a further drop in shear stress.
Stages 4 and 5 are similar to Stages 2 and 3. The shear zone containing melt of biotite and plagioclase and clasts of quartz heats up until finally all the quartz is melted. Additional stress drop occurs, but is much smaller in both rate and magnitude compared with those in previous stages, mainly because the reduced viscosity imparted by increased melt fraction and higher temperatures decreases the energy dissipation rate (e.g. power) associated with frictional heating.
Our model predicts a large stress drop occurs after all biotite is melted (Stage 2), e.g. ∼10 GPa at v = 1 m/s. This suggests that the biotite-rich layers become weaker and will have significant strain localization on them during frictional melting. The magnitude of stress drop depends on the effective viscosity and strain rate (v/w). As discussed above, uncertainties in the parameterization η/η 0 with melt fraction may result in large errors on calculated stress drops. However, regardless of these errors, the temperature effect on viscosity alone results in at least 10 3 Pa s decrease in melt viscosity as the biotite-rich melt heats up to the melting point of plagioclase, leading to up to a few MPa stress drop. Therefore uncertainties in our parameterizations of η/η 0 will not change our conclusion that strain localizes on biotite-rich layers. After biotite is melted, if slip continues further, the shear zone can evolve from Stage 1 to 5, resulting in the melt composition becoming more felsic as plagioclase and quartz begin melting and contributing to the originally basaltic melt. Progressive melting will result in the melt composition evolving from basaltic to andesitic, eventually approaching the composition of the host rock (Fig. 8D) . However, on earthquake timescales (less than 2 min) (Geller, 1976; Convers and Newman, 2013) , only biotite can be completely melted. Some fraction of plagioclase can be melted if the slip rate is high (v > 1 m/s). The time to reach the melting point of quartz is on the order of minutes or more, hence melting of quartz is rarely achieved. In fact, as predicted in our model, the melt viscosity gets lower at elevated temperature and higher melt fraction, which relieves the driving shear stress, thereby the seismic slip can be shut down much sooner than the temperature will reach quartz melting point. As in our case study, only limited amounts of plagioclase may even melt. This explains why frictional melts in felsic host rock generally have basaltic compositions. In summary, our model predicts that the composition of frictional melts evolve with slip time: the longer the slip, the more the melt composition converges toward the bulk rock composition of the host. It has been suggested that, seismic slip duration and slip rates correlate with earthquake magnitude (Geller, 1976; Bizzarri, 2012) . It follows that because pseudotachylite composition may be related to slip duration, one potential application of our frictional melt evolution model is that pseudotachylite chemical compositions could be used to constrain the magnitude of paleo-earthquakes. That is, in earthquakes with low slip velocity and short duration, any pseudotachylite generated should be mafic. Pseudotachylites produced in earthquakes with high slip rate and longer duration should have compositions more similar to the host rock.
Conclusions
Petrological and geochemical analyses of ductile and brittle deformation products from sheared rocks in the Asbestos Mountain granitoid in California (USA) show that ductile deformation and brittle deformation are closely linked. The ductile deformation lasted more than 10 My at near solidus temperatures of ∼750 • C, during which proto-mylonitic and mylonitic fabrics were formed in the last stages of a crystallizing pluton through recrystallization and re-orientation of biotite crystals. Brittle deformation took place later, when the pluton cooled well below solidus temperatures, resulting in development of mafic ultracataclasites and pseudotachylites in the mylonites (Fig. 9) . The mafic composition of these brittle deformation products, especially the pseudotachylites, requires a significant contribution from biotite. This suggests that brittle deformation may preferentially initiate on biotite-rich foliation planes in the host mylonite, perhaps because biotite foliation planes are weak.
Frictional heating along the fault plane could eventually lead to melting. Our results show that frictional melting is a disequilibrium process in which the lowest melting point phases (∼800 • C), such as biotite, melt first, but such temperatures are still higher than the minimum melting points of hydrous granitoids under equilibrium conditions (∼650 • C). Such melting leads to a substantial drop in viscosity, resulting in a large stress drop.
With progressive slip, the melt composition evolves towards the host rock composition as minerals with higher melting points are sequentially melted. The fact that the pseudotachylites in the mylonitized Asbetos Mountain granitoid are strongly enriched in mafic component but depleted in quartz indicates that local shear zone temperatures rarely reached the point of melting quartz, the mineral with the highest melting point. These compositional constraints indicate that frictional heating occurred between 800 and 1400 • C during the earthquake. Nevertheless, this compositiontime relation of the pseudotachylites indicates that small, shortduration earthquakes will result in more mafic pseudotachylites, while large, long duration earthquakes will result in more felsic pseudotachylites. Therefore pseudotachylite compositions can potentially be used to constrain paleo-earthquake source properties.
